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Fate and Transport of Engineered Nanomaterials in the Environment
Daohui Lin* and Xiaoli Tian Zhejiang University Fengchang Wu Chinese Research Academy of Environmental Sciences Baoshan Xing* University of Massachusetts N anotechnology is one of the most promising new technologies in the 21st century. As the basic building block of nanotechnology, engineered nanomaterials (ENMs) are finding their use in electronic, biomedical, personal care, and automotive products. The potential market value for nanotechnology-related products in 2011 to 2015 will be up to US$1 trillion per annum (Navarro., 2008) . Due to their anticipated high-volume production and widespread use, ENMs will inevitably be escaped into the environment during manufacturing, transportation, use, and/ or disposal. Increasing investigations indicate that certain ENMs can lead to unforeseen health and environmental risks (Auffan et al., 2009; Baun et al., 2008a; Biswas and Wu, 2005; Boxall et al., 2007; Brumfiel 2003; Bystrzejewska-Piotrowska et al., 2009; Colvin, 2003; Klaine et al., 2008; Maynard et al., 2006; Moore, 2006; Nel et al., 2006; Nowack and Bucheli, 2007; Service, 2003) , clearly pointing to serious concerns over their environmental behavior and fate.
Discharged ENMs will transport and transfer within environmental media-water, soil, and air-and be transformed and/or removed by organisms. Figure 1 schematically illustrates the entry, transport, and fate of ENMs in the environment. In air, ENMs may behave like aerosol and transport to a long distance, ultimately depositing on land and surface water bodies. After entering the aqueous environment, ENMs may aggregate and precipitate to sediments but may also stabilize and transport within water flow, depending on the properties of ENMs and the condition of water chemistry such as pH, ionic strength, and dissolved organic matter (DOM) content and property. Engineered nanomaterials may be retained by soil particles or break through soil matrix and reach groundwater, which is also determined by the properties of ENMs and soil. Engineered nanomaterials will be subject to transformation and degradation in the environment, such as dissolution in the aqueous phase, being oxidized and/or photodegraded, and/or being surface coated and passivated by coexisting matter. Environmental organisms may take up and degrade and thus cleanse the released ENMs. This review presents an overview of and discusses future perspectives on environmental ENM research.
Engineered Nanomaterials in Ambient Atmosphere
Production and application of ENMs may lead to airborne ENMs in indoor air and ambient atmosphere. A few studies have reported the exposure risk of workers to the airborne ENMs in the workroom (Biswas and Wu, 2005; Buzea et al., 2007; Schneider and Jensen, 2009 ). However, no specific study is available on the transport and fate of airborne ENMs in ambient atmosphere. Engineered nanomaterials may form aggregates or attach to dust particles (Stahlmecke et al., 2009; Schneider and Jensen, 2009 ) and behave like aerosol in ambient atmosphere. The transport and fate of aerosol has been extensively studied (Biswas and Wu, 2005; Buzea et al., 2007) , which may be used to understand the behavior of airborne ENMs in ambient atmosphere.
Engineered Nanomaterials in Aqueous Environments

Aggregation and Suspension
Stability of ENMs in aqueous environments is a key factor controlling their transport and ultimate fate in aqueous environments. Large aggregates of ENMs will quickly precipitate out and their transport and bioavailability will be greatly restricted. However, well-dispersed ENMs will be widely transported and have higher chances to interact with and cause potential harm to organisms. Thus, the stabilization of ENMs in water needs to be fully addressed before research in transport and bioavailability.
Many studies have aimed to investigate aggregation behavior of the ENMs in the aqueous phase. However, few studies have been done in real natural water systems, and possible existing forms and the proportion of ENMs in the environment remain unclear. A number of laboratory studies indicate that nanoparticles will aggregate to some extent following their release to water. Table 1 shows the reported size distribution of selected ENMs in water. It can be seen that the hydrodynamic particle size is much greater than the individual particle size in the dry phase, indicating that the aggregation is a common process for ENMs in water.
The aggregation process is subject to the properties of the ENMs (e.g., size, chemical composition, and surface characteristics) and water chemistry parameters (e.g., ionic strength, pH and DOM content) (Fig. 2) . Aggregation reduces the overall specific surface area of ENMs and interfacial free energy and thus will limit the reactivity of ENMs. Many modeling approaches have been proposed for predicting colloidal aggregation in water system (Elimelech et al., 1995) ; however, the measurement and modeling of nanoparticle aggregation in aqueous environments have yet to be fully evaluated.
Interaction with Aquatic Colloids
Aquatic colloidal interactions have been well documented (Buffle et al., 1998) , which should be helpful for understanding the interactions between ENMs and colloids in the environment. Aquatic colloids can be approximately classified into three types (Buffle et al., 1998) : (i) inorganic colloids (IC), (ii) fulvic compounds (FC, few nm) or aquagenic refractory organic matter (AROM), and (iii) rigid biopolymers (RB, 0.1-1 µm). Engineered nanomaterials will interact with the ubiquitous natural aquatic colloids after their release. The interaction can affect the stability and subsequent environmental behavior of both ENMs and the aquatic colloids, which deserves careful and systematic investigations. However, to date, little information is available on the interactions of ENMs with colloids or other solid particles in water. Several studies (Hyung et al., 2007; Hyung and Kim, 2008; Lin and Xing, 2008b; Su and Lu, 2007) showed that FC or other types of DOM could adsorb onto the surface of ENMs and enhance their stability (Fig. 2f,  j, g ), which will be detailed below. Engineered nanomaterials may also heteroaggregate with IC, RB, and other suspended large particles and then settle down. However, there has yet been almost no such heteroaggregation investigation.
Our previous study showed that clay minerals could change the stability of surfactant-facilitated carbon nanotube (CNT) suspensions, depending on the properties of both clay minerals and surfactants. Montmorillonite and kaolinite could not affect the stability of the sodium dodecylbenzene sulfonate (SDBS)-suspended multiwalled carbon nanotubes (MWCNTs) but precipitated the cetyltrimethyl ammonium bromide (CTAB)-stabilized MWCNTs; for the polyethylene glycol octylphenyl ether (TX100)-facilitated MWCNT suspension, montmorillonite partly deposited the suspended MWCNTs, whereas kaolinite showed minimal effect. Removal of surfactants by clay minerals from solution and MWCNT surface was attributed as a mechanism of destabilization of the surfactant-facilitated MWCNT suspension, whereas, most significantly, the bridging interaction between clay mineral and MWCNTs by surfactant also played an important role in CNT sedimentation. This finding is significant to understanding the behavior of ENMs in aquatic systems because the ENMs would be coated by natural organic matter (NOM) after release into the environment, and the coated NOM could act like the surfactants to affect the stability of the ENMs. Acid-oxidized CNTs were also reported to adsorb onto the surface of active carbon microparticles by hydrophobic and p-p stacking interaction and then sediment out of the suspensions with the microparticles (S.P. . Future studies should focus further on the heteroaggregation of ENMs with IC, RB, and other large particles and its effect on their transport and fate in aqueous environments. Hyung et al. (2007) reported that Suwannee River water could stabilize one type of particulate MWCNTs with the aid of vigorous agitation. The stabilization was attributed to the high content of NOM in the water (total organic carbon content, 59.1 mg L −1 ). Thereafter, increasing evidence illustrates the ability of NOM or its analogs to stabilize ENM suspensions. Dissolved organic matter extracted from Sahan River in Ukraine was found stabilizing fullerene in water (Terashima and Nagao, 2007) . Another dissolved humic acid also increased the stability of fullerene aqueous suspension . In addition, tannic acid was found to greatly stabilize MWCNTs in water (Lin and Xing, 2008b) . These studies indicate that ENMs in particulate form may interact with DOM and be suspended and transported rather than aggregate and deposit quickly after their release and thus leading to potential exposure and ecotoxicity. Dissolved organic matter was believed to adsorb on ENM surfaces and thus alter their surface physicochemical properties and enhance their stabilization in water (Ghosh et al., 2010; Xie et al., 2008) . However, DOM is heterogeneous in terms of composition and structure and can have very different properties depending on its origin, location, and age (Chefetz and Xing, 2009; Kang and Xing, 2005; Xing, 1997) , likely resulting in different effects on the aqueous suspension of various ENMs, which remains to be investigated .
Effect of Natural Organic Matter on ENM Suspension
Effect of pH on ENM Suspension
To understand the environmental behavior and fate of ENMs, it is essential to understand how they interact and interplay with pH and ionic strength as well as type and concentration of DOM. A number of studies investigated the effect of these water chemistry parameters on the suspension of ENMs. pH is a major factor determining the zeta potential of colloids. When pH is at point of zero charge (pzc) or isoelectric point, the colloidal system exhibits minimum stability (i.e., exhibits maximum coagulation/flocculation). When the pH is lower than the pzc value, the colloid surface is positively charged and the zeta potential will increase with decreasing pH below the pzc. Conversely, at pH above pzc, the surface is negatively charged and the zeta potential will be more negative with increasing pH. High zeta potential (negative or positive) will impart stability to the nanoparticle suspension, whereas nanoparticles with low zeta potentials tend to coagulate or flocculate as outlined in Table 2 and illuminated in Fig. 2d . Table 3 shows the reported pzc for several ENMs. Different ENMs differ in pzc. Thus, different ENMs have different surface charge and stability in the solutions at the same pH. The pzc may also vary with particle size, as reported by He et al. (2008) , that the pzc of hematite in electrolyte solutions tended to be at lower pH with smaller particle size within 12 to 65 nm. The pzc dependence of hematite on its size was attributed et al. (2009) to the change of structure and surface energy characteristics as particle size decreases. However, pzc of ENMs may differ with the method of synthesis of particles and experimental procedure used for determination. No significant correlation between particle sizes and pzc values can be observed from different studies, as shown in Table 3 . Further studies are needed to clarify the effect of particle size on the pzc. Solution pH may have more complicated effect on the environmental behavior of metal-based ENMs. It was reported that 35% of the total iron of the iron oxide nanoparticles was in the dissolved phase (<1 kDa) at low pH, whereas the dissolution was negligible when pH > 4, and the nanoparticles began to aggregate at approximately pH 5 to 6, reaching a maximum at approximately pH 8.5. However, the aggregation shifted to lower pH of 4 to 5 with added Suwannee River humic acid (SRHA) and was affected by SRHA concentration. The structure and aggregation mechanism of these aggregates were found to be both pH and SRHA concentration dependent, with open and porous aggregates in the absence of SRHA, but compact aggregates in the presence of SRHA (Baalousha et al., 2008) . Hence, after adsorbed onto the ENMs, NOM may also act as a "bridge," linking and coaggregating ENMs at an appropriate solution pH. Natural organic matter can dissociate little and be present in a molecular form at pH < its pK a , and thus the polar groups (e.g., -OH) in the adsorbed NOM could form complex hydrogen bonds,[[AU: deleted "by." Please confirm edit]] which would further bridge and coaggregate the ENMs. Our previous study showed that the stabilized CNTs in tannic acid solutions settled down at pH < 5 due to the "bridge" link between CNT-adsorbed tannic acid molecules (D.H. ). This result seems opposite of the currently popular viewpoint that NOM would facilitate ENM suspensions and thus warrants more specific studies.
Effect of Ionic Strength on ENM Suspension
Ionic strength is another important parameter that has been extensively investigated for colloidal stability. When ionic strength is increased and/or the zeta potential is reduced (both effects usually result from an increased salt concentration), attractive force between colloids will outweigh the repulsion, and the particles can then adhere each time they collide (Fig. 2i, k, l) . The transition from kinetic stability to rapid aggregation occurs over a very narrow range of electrolyte concentrations, around the critical coagulation concentration (CCC). According to the Schulze-Hardy rule (Elimelech et al., 1995) , the valence of the counterions (z) has the principal effect on the stability of the colloids; at high zeta potentials, CCC is proportional to z -6 . Numerous studies have examined the effect of ionic strength on the stability of ENM suspensions Mylon et al., 2004) and ascertained the z -6 dependence of CCCs. The majority of these studies focused on the effect on spherical particles. However, this dependence was also found in CNT suspensions (D.H. Saleh et al., 2008b; Sano et al., 2001) , indicating that when the added ion concentration is close to CCC, CNTs may simply behave 
Zeta potential (mV)
Stability behavior of colloids from 0 to ± 5 rapid coagulation or flocculation from ± 10 to ± 30 incipient instability from ± 30 to ± 40 moderate stability from ± 40 to ± 60 good stability more than ± 61 excellent stability as spherical colloids with van der Waals and electrical double-layer interactions. Additional research is required to examine the ways CNTs move in water (e.g., vertical vs. horizontal) and the thickness of hydration layer.
Transport of Engineered Nanomaterials in Porous Media and Soils
Soil is an important sink for ENMs after release into the environment and a possible source of ENMs in groundwater.
Understanding the transport behavior of ENMs in natural soil systems is essential to revealing their potential impact on the food chain and groundwater. In addition, many environmental applications of ENMs to clean up groundwater need to transport the ENMs (e.g., zero valence iron nanoparticles) through soil and/or sediment (He et al., 2007; Schrick et al., 2004) , which requires the knowledge of the transport behavior of ENMs. Therefore, transport of ENMs in porous media and soils has attracted increased research attention ). In most cases, columns packed with porous media (e.g., glass beads, silica sand, model soils) were used to study the filtration of various ENMs supported or unsupported by dispersants. Transport of particles in the porous media depends largely on the rate of their capture or filtration by the stationary grain surfaces. Particle filtration theory can be used to help understand the transport behavior of ENMs in soil (Fig. 3) . There are three basic mechanisms for capture of colloidal particles in porous media: gravitational sedimentation, interception, and Brownian diffusion (Schrick et al., 2004) . Sedimentation ( Fig.  3a) and interception ( Fig. 3b) mechanisms mainly regulate the transport of larger particles and aggregates of pristine particles. For nanoscale particles, the dominant mechanism is diffusion ( Fig. 3c) , as the high diffusivity of nanoparticles leads to a higher incidence of collisions with the surface of soil grains. In addition, nanoparticles may aggregate to become microscale particles, which can be retained by the media due to physical screening if the size of the aggregate is larger than the pore through which fluid is flowing (Fig. 3d) .
The capture or filtration of particles by the collector surfaces is determined in large part by the chemical-colloidal interaction between particles and surface, which, in turn, is regulated by solution chemistry (e.g., pH, ionic strength, and coexisting organic matters) and chemical characteristics of particles and surfaces. Physical parameters, such as particle size, fluid velocity, grain size, and water temperature, can also play important roles in the filtration of ENMs. The main factors influencing the breakthrough capability of ENMs are illustrated in Fig. 3 .
Physico-chemical properties, such as size, morphology, and surface properties, of ENMs can substantially influence their migration in porous media (Fig. 3B) . The transport of nanoparticles is more complex than microscale particles because of their tendency to aggregate, which strongly depends on particle size in the nanoscale regime. It has been pointed out that 0.1 to 1 mm is the optimal size range for colloid particles to migrate through soil as predicted by the Tufenkji-Elimelech filtration model (Zhan et al., 2008) . The transport of nanoscale colloids is theoretically predicted to decrease with increasing particle size (Elimelech et al., 1995) , as shown in Fig. 3e . However, nanoparticles are prone to form large aggregates, which can greatly inhibit their transport, and aggregate straining is an important component of particle capture (Hydutsky et al., 2007; Darlington et al., 2009) . A number of researchers have revealed that dispersed ENMs can transport through porous media while the pristine ENMs are prone to form aggregates and are filtered by the grains (He et al., 2007; Kanel et al., 2007 Kanel et al., , 2008 Saleh et al., 2008a; Schrick et al., 2004; Yang et al., 2007) . However, to date, there are different understandings and opinions about the effect of size of nanoparticles on their transport in porous media. Schrick et al. (2004) , for example, calculated the filtration length of iron particles through sand and soil columns, indicating that 30-to 100-nm diameter particles had poor transport properties compared to particles in diameters of 400 to 500 nm. In contrast, Pelley and Tuffenkji (2008) pointed out that at low ionic strengths, the attachment efficiency between latex particles and quartz sand collectors increased with increasing particle size, i.e., the migration of latex particles decreased with the increase of particle size. The change of particle filtration with particle size can actually result from the complex effects but not size only because some properties, such as charge, surface energy, and particle morphology, can be changed with the change in particle size. Particle morphology should also affect the transport behavior. Stringlike ENMs, such as CNTs with high aspect ratio, can readily entangle each other as well as aggregate, which will then greatly restrict their suspension and transport compared to the spherical ENMs (Jaisi et al., 2008) . However, few experimental studies are designed to reveal the effect of particle morphology on the transport of ENMs in porous media. Surface chemistry of ENMs is another key factor that can control the mobility of ENMs in porous media. Generally, hydrophobic surface will lead to ENM aggregation and sedimentation out of the flowing solution, while ENMs with hydrophilic surface can be relatively easily dispersed and transport with the water flow (Fig. 3 g ). Surface charge is another important property that can dominate the migration of ENMs in porous media (Darlington et al., 2009) . Environmental soil particles are normally negatively charged. Thus, positively charged ENMs will be readily electrostatically attracted to the soil surface. Engineered nanomaterials with higher negative charges are believed more mobile in soil matrix because of the stronger electrostatic repulsion between the nanoparticles and soil particles and between nanoparticles themselves as well (Fig.  3f ) . Therefore, various methods have been applied to modify ENM surface properties to control (enhance or restrict) the transport of ENMs in porous media, among which surface functionalization with hydrophilic functional groups (e.g., -OH and -COOH) and surface physical modification using polymers or surfactants are two commonly adopted methods. Investigations into the mobility of ENMs in porous media have shown that altering the surface functional groups of nanoparticles can result in significant differences in their transportability (Fig. 3h) due to the increased hydrophilicity and/ or surface charge (Pelley and Tuffenkji, 2008) . For example, fullerene nanoparticles can form aggregates (nC 60 ) and hardly migrate in porous media, whereas fullerol can be highly mobile . Surface modification (adsorption) of nanoparticles by polymers or surfactants can provide electrostatic and/or steric repulsions between nanoparticles to inhibit aggregation, and between nanoparticles and media surfaces to inhibit attachment. For particles that are only electrostatically stabilized, changes in ionic strength will easily change the electrostatic repulsion between particles and/or between particles and grain surfaces and thus change their mobility in the porous media. In the case of polyelectrolyte surface coatings, so-called electrosteric repulsions will arise between particles and between particles and the grain surfaces (Saleh et al., 2008a) . Schrick et al. (2004) reported that anionic, hydrophilic carbon and poly(acrylic acid)-supported Fe nanoparticles could transport through the columns packed with standard Ottawa sand and three model soils, whereas unsupported-Fe nanoparticles rapidly agglomerated in water and were filtered by the sand and soils. Similar results were also reported in several other studies (Saleh et al., 2008a; Yang et al., 2007; He et al., 2007; Kanel et al., 2007 Kanel et al., , 2008 .
Characteristics of the soil matrix will definitely influence the filtration of ENMs. The physicochemical properties, such as size and porosity, of the porous media can determine the attachment between the ENMs and the grain surfaces and thus the migration of ENMs (Fig. 3C) . It was observed that poly(acrylic acid)-modified nanoiron slurry could travel through the silica sand column easily, but not in the loamy sand soil column (Yang et al., 2007) . Glass bead packed column could retain 8 to 49% of the introduced nC 60 , while the retention of nC 60 in Ottawa sand columns was up to 77% (Y.G. . Unsupported-iron nanoparticles rapidly agglomerated in water and were filtered by the sand and three model soils, except for a clay-rich soil, in which clay platelets may also act as an anionic support materials (Schrick et al., 2004) . The transportability of Tween 20 suspended iron nanoparticles differed in different porous media with an order of glass beads > unbaked sand > baked sand (Kanel et al., 2007) . Fang et al. (2009) found that TiO 2 could remain suspended in soil suspensions that were positively correlated with the dissolved organic carbon and clay content of the soils, and the higher stability of TiO 2 suspensions resulted in a higher mobility of TiO 2 through the saturated porous columns packed with various soils of different clay contents, with the estimated maximum transport distances ranging from 41.3 to 370 cm.
Solution chemistry, such as pH and ionic strength, can have a dramatic influence on the rate of capture of ENMs by the porous media and, as a result, on the extent of transport of ENMs (Fig. 3D) . Solution pH controls the solubility of metal-based nanoparticles and their surface charges and thus the electrostatic interactions between nanoparticles and between nanoparticles and porous media (Doshi et al., 2008) . For electrostatically stabilized ENMs, dissolved counterions in solution will screen the long-range electrostatic interactions and thus decrease the stability and transport of ENMs in the porous media (Fig. 3k ). An empirical relationship between ionic strength and attachment efficiency (a) is given by Eq. [1] (Saleh et al., 2008a) :
where C s is the ion concentration; CDC, the critical deposition concentration, is the ion concentration where a = 1; and b describes the sensitivity of the particles to an increase in ion concentration. A higher CDC suggests a higher resistance to salt-induced particle attachment. Particles that are only electrostatically stabilized would be expected to be vulnerable to deposition at ionic strengths in the tens to hundreds of millimolar range (Saleh et al., 2008a) . It was found that the aggregation and transport of nC 60 in quartz sand are strongly dependent on the electrolyte properties (valence and concentration) of the aqueous phase (Y.G. . However, like CCC, CDC is more sensitive to the valence than the concentration of the electrolyte. For example, the CDCs for polymers-and SDBS-modified Fe nanoparticles migration in silica sand packed column were ~4 and ~3.5 mM for Ca 2+ and ~770 and ~350 mM for Na + , respectively (Saleh et al., 2008a) . Jaisi et al. (2008) reported that increase of solution ionic strength could increase the single-walled carbon nanotube (SWCNT) deposition on quartz sand; the deposited SWCNTs were mobilized from the sand on introduction of low ionic strength solution following deposition experiments with monovalent salt; however, SWCNTs deposited in the presence of calcium ions were not released on introduction of low ionic strength solution. It was suggested that SWCNTs would deposit in a secondary energy minimum in the presence of monovalent ions and thus can be mobilized by the elimination of the secondary energy minimum following a rinse with low ionic strength solution or deionized water, whereas SWCNTs would deposit in a primary energy minimum in the presence of Ca 2+ and are therefore not influenced by the elimination of the secondary energy minimum (Jaisi et al., 2008) . The attractive primary well (primary minimum), the repulsive potential energy barrier, and the attractive secondary minimum are three regions characterizing the separation distance versus interaction energy curve between particle and collector with a same sign surface charge in the DLVO theory (Franchi and O'Melia, 2003) .
Temperature is another solution property that influences the transport of ENMs in porous media (Fig. 3l) . Elimelech et al. (1995) theoretically analyzed the effect of solution temperature on particle migration in soils and aquifers, indicating that transportability of colloids decreases with the increase of solution temperature because high temperature increases the Brownian motion of colloids and thus enhances the capture of Brownian particles by the media particles; meanwhile, high temperature can decrease the solution viscosity and thus enhances the capture of non-Brownian particles.
Flow condition, such as fluid velocity, can influence the collision of ENMs to porous media and thus the transport. Higher fluid velocity can enhance the transport of ENMs (Fig. 3n) , for example, nC 60 (Y.S. and MWCNTs , through porous media. However, the effect of fluid velocity on the transport of ENMs can be quite complicated. reported that C 60 , fullerol, and SWCNT exhibited an unexpected and similar breakthrough behavior at the higher flow rate, with the deposition converged to a level that was independent of flow velocity; nevertheless, a velocity-sensitive "affinity transition (deposition enhancement)" was observed in the initial deposition of nanoparticles in the porous medium (glass beads) for the carbon nanomaterials but not for the metal oxide nanoparticles (SiO 2 and TiO 2 ), with a mechanism remaining unclear.
The above-referred studies with glass beads, standard silica sand, and model soils substantially increase our understanding on the environmental transport of ENMs. However, the natural soil environment are physically, biologically, and geochemically heterogeneous, and the presence of NOM and minerals and changing soil chemistry can influence the nanoparticle transport. Natural organic matter has been found to enhance the transportability of nanoparticles in porous media due to the increased charge and/or steric stabilization (Pelley and Tuffenkji, 2008; Jaisi et al., 2008; Johnson et al., 2009 ). However, to date, nearly no field examinations have been performed to investigate the transport of ENMs in natural soils, and the specific mechanisms for the transport enhancement of NOM remain to be addressed. Future research should be directed to clarify the interaction with soil components (e.g., NOMs and clay minerals) and its effect on migration of ENMs in soil pores.
Transformation of Engineered Nanomaterials in the Environment
Dissolution of ENMs in Aqueous Environment
Dissolution may be a critical fate of nanomaterials, especially for metal-based nanomaterials in the environment and within organisms. A few studies have measured the dissolution of metal-based nanoparticles in culture media and its contribution to the nanotoxicity (Franklin et al., 2007; Lin and Xing, 2007; Xia et al., 2008; Griffitt et al., 2008; H.H. Wang et al., 2009; W. Jiang et al., 2009) . Although the determined contribution of nanoparticle dissolution to the nanotoxicity differs in different studies, it has become a consensus that dissolution can play a key role for some nanomaterials in determining their toxicity to organisms (Auffan et al., 2009; Nel et al., 2006) . Therefore, it is crucial to determine the dissolution of ENMs to reveal their fate in the environment and the underlying mechanism of nanotoxicity. However, few experimental studies have been designed to study the dissolution of ENMs for understanding their fate in the environment.
The dissolution of ENMs can depend highly on their properties (e.g., solute concentration, surface area, surface morphology, surface energy, adsorbing species, and aggregation) and the properties of solution (e.g., pH, ionic strength, constituent solvated molecules and concentration, and temperature) (Borm et al., 2006) . Theoretically, equilibrium solubility of particles increases with decreasing particle size (Borm et al., 2006) . However, experimentally, this is often not the case; for example, it was reported that both the rate of dissolution and saturation solubility were similar for bulk and nanoparticulate ZnO and Al 2 O 3 (Franklin et al., 2007; H.H. Wang et al., 2009 ), which can be ascribed to the aggregation of nanoparticles. The formation of agglomerates can hinder dissolution by reducing the average equilibrium solubility of the nanoparticle system and by introducing kinetic hindrance to the diffusion process (Borm et al., 2006) .
The adsorption of molecules and ions from the surrounding environment can have a significant effect on solubility and dissolution kinetics of ENMs (Borm et al., 2006) . In biological systems, there are a vast variety of proteins, enzymes, polysaccharides, and other molecules that are known to quickly adsorb to ENM interfaces Z.Y. Wang et al., 2009) and would thus have a significant effect on the toxicity and fate of ENMs in the organism body, which deserves future research attention. The pH of the solution can definitely influence the dissolution of ENMs. Low pH can promote the dissolution of metal-based nanomaterials. It was reported (Baalousha et al., 2008) that approximately 35% of the total iron of the iron nanoparticles was present in the dissolved phase at pH 2, but dissolved iron rapidly diminished to 10% at pH 3 and was almost zero at higher pH values; the loss of dissolved iron with increasing pH was due to the hydrolysis and formation of further small nanoparticles.
Oxidation of ENMs in the Environment
Engineered nanomaterials are subjected to oxidation after release into the environment. The oxidation process of ENMs would be environmental condition dependent, which has rarely been investigated. It was reported that nanoscale zerovalent iron (nZVI) in aqueous environments could be oxidized over time (i.e., "aging") to magnetite, maghemite, and other iron-oxides such as hematite and goethite, and the surface oxidation of nZVI reduced its "redox" activity, agglomeration, sedimentation rate, and toxicity to mammalian cells (Phenrat et al., 2009 ). Hou and Jafvert (2009) studied the photochemical oxidation of aqueous C 60 clusters in sunlight, finding that the color of nC 60 lost gradually and the cluster size decreased as the irradiation time increased; the intermediate soluble products formed in the transformation process and eventually disappeared (mineralized, volatilized, or converted to other products). Quantum dots (QDs) may be transformed by microbially mediated redox process. Metz et al. (2009) developed an in vitro biomimetic assay for investigating QD transformation under simulated oxidative environmental conditions. They observed that the QDs were readily degraded with the ZnS shell eroded and cadmium released from the QD core (CdSe), and the biomimetic hydroquinone-driven Fenton's reaction degraded the QDs to a larger extent than H 2 O 2 and classical Fenton's reagent (Fenton's + Fe 2+ ).
Surface Coating of ENMs by Coexisting Materials in the Environment
Engineered nanomaterials also interact with coexisting materials in the environment. The interaction with DOM and the subsequent effect on the suspension of ENMs in aqueous environment has been addressed earlier. A number of experimental studies have also investigated ENM (especially CNT) sorption of metal ions and organic contaminants, such as dioxin (Long and Yang, 2001) , butane (Hilding et al., 2001 ), 1,2-dichlorobenzene (Peng et al.,2003) , trihalomethanes (Lu et al., 2005) , polycyclic aromatic hydrocarbons (Yang et al., 2006) , xylenes (Chin et al., 2007) , endocrine disrupting chemicals , antibiotics (Wang et al., 2010; Oleszczuk et al., 2009) , and phenolic compounds (Lin and Xing, 2008c) . Most of these studies focused on the sorption capacity of ENMs and their potential as sorbents. However, the sorption would also affect the transport, fate, and toxicity of contaminants in the environment and the ENMs as well, which waits to be addressed. Nel et al. (2006) pointed out that surface coating may protect the ENM surface from dissolution, passivate the active surface, change cellular uptake, or possibly lead to release of toxic chemicals. Surface coating of NOM not only can change the environmental behavior and toxicity of ENMs but may also influence their interaction with coexisting organic and inorganic contaminant, which is attracting increasing research. The effect of surface-coated NOM on ENM sorption of contaminants depends on the properties of both ENMs and contaminants . Carbon-based nanomaterials have strong sorption capacities for organic contaminants. Therefore, surface-coated NOM may occupy the sorption sites for organic contaminants and thus reduce the sorption (X.L. . Surface-coated NOM may introduce polar functional groups on CNT surfaces, which would inhibit CNT sorption of hydrophobic organic compounds (X.L. . However, adsorption of NOM may enhance CNT dispersion, which would offer more available sorption sites ; X.L. . Metal-based nanomaterials normally have low sorption; coating with NOM would enhance their sorption of organic compounds ; X.L. Iorio et al., 2008) and metal ions (Liu et al., 2008; Tan et al., 2007) .
Biological Uptake, Translocation, Degradation, and Excretion of Engineered Nanomaterials
Biological uptake and degradation is an important cleansing route for the "regular" environmental contaminants and thus is believed to be important for the fate of ENMs. Although few studies have been conducted to specifically examine the processes of biological uptake and metabolism of ENMs, recently, an increase in laboratory studies on nanotoxicity has shed light on certain aspects of biological uptake, translocation, degradation and excretion of ENMs.
Invertebrate Ingestion, Translocation, and Degradation of ENMs
Recent research has evaluated the toxicity of ENMs to aquatic organisms, the majority of which showed the intake of ENMs by the organisms (Baun et al., 2008a; Klaine et al., 2008) . Uptake of nanoparticles by inhalation or ingestion may be the major routes by terrestrial organisms; however, the main pathways for the aquatic organism uptake of ENMs are through normal feeding behavior and/or water filtration through the gills. Engineered nanomaterials intake with food may go through the digestive tract and then be excreted out or dis-tributed to other body parts. Baun et al. (2008b) observed the uptake, translocation through digestive tract, and excretion of C 60 by daphnids after a 48-h exposure. Multiwalled carbon nanotubes were observed in the guts of the cladoceran Ceriodaphnia dubia when exposed for 48 h; however, the ingested MWCNTs could be almost completely excreted out when depurated for 24 h in the presence of algae for ingestion (Kennedy et al., 2008) . Similar results were also obtained by Petersen et al. (2009) . The ingested SWCNTs by copepods (a keystone taxon in most estuaries globally) were found to form compact clusters in the organism gut and be excreted out within fecal pellets with repackaging and morphological alteration of SWCNT aggregation (Templeton et al., 2006) . This repackaging process may be important in determining the ultimate environmental fate of ENMs.
The gill of the aquatic organisms can serve as a mesh by which water is filtered and particles are caught; daphnid, for example, can filter relatively large volumes of water compared to their body size and have been found feeding on particles in the size range of 0.4 to 40 mm (Baun et al., 2008a) . Single nanoparticles are normally too small to be physically filtered by the gill. However, suspended nanoparticle aggregates are expected to be caught by the gill. Griffitt et al. (2007) reported that exposure to copper nanoparticles (80 nm) increased gill copper content of zebrafish, a result that could not be solely from the dissolved copper. Uptake of aggregates of ENMs via filtration may lead to ENM accumulation in the fish. In addition, 20-nm polystyrene nanoparticles were found to translocate from the digestive tract into other parts of the daphnids (Baun et al., 2008a) . Kashiwada (2006) used watersuspended fluorescent latex nanoparticles to investigate the intake and accumulation of the nanoparticles by see-through medaka, showing that various-sized particles could enter and be retained in the fish body with a size-dependent distribution; particles of 39.4 to 42,000 nm in diameter were adsorbed to the chorion of medaka eggs and accumulated in the oil droplets; 474-nm particles had the highest bioavailability to eggs; 39.4-nm nanoparticles shifted into the yolk and gallbladder during embryonic development and mainly in the gills and intestine in adult medaka. Nanosized latex particles were also detected in the brain, testis, liver, and blood, suggesting that nanoparticles were capable of penetrating the blood-brain barrier and eventually reaching the brain. Silver nanoparticles were also observed to translocate to the brain, heart, yolk, and blood of zebrafish embryos (Asharani et al., 2008) . In addition, nanoparticles were demonstrated to break through the bloodbrain barrier and enter the brain of rats (Lockman et al., 2003) .
Degradation of ENMs in organism bodies can be an important process, one that has been scarcely investigated. Some specific ENMs used for drug delivery are manufactured degradable for easy release of their carrying drugs to the target location. Wu et al. (2000) synthesized a nanoscale diblock copolymer using the insoluble hydrophobic poly(sebacic acid) (PSA) as the core and the soluble hydrophilic poly(ethylene oxide) (PEO) blocks as the protective shell. They found that the core was degradable and that its degradation led to the disintegration of the nanoparticles. Nanoscale amphiphilic graft copolymers consisting of poly(g-glutamic acid) (g-PGA) as the hydrophilic backbone and L-phenylalanine ethylester (L-PAE) as the hydrophobic side chain were hydrolyzed easily in alkaline conditions and degrading quickly by various enzymes, with the size decreasing and finally disappeared with time (Akagi et al., 2006) . Roberts et al. (2007) reported that an aquatic organism, Daphnia magna, could ingest water-soluble, lysophophatidylcholine-coated SWCNTs through normal feeding behavior and utilize the lysophopbatidylcholine coating as a food source. After digestion of the lysophophatidylcholine coating by the organism, the excreted SWCNTs were no longer water soluble and were observed to accumulate on the external surface of the daphnid, indicating that the organism could modify the stability of the lysophophatidylcholine-stabilized SWCNTs. This study suggests that dispersant-stabilized ENMs, after being released into the aquatic environment, may be modified by aquatic organisms through digestion of the dispersants, which would lead to the destabilization of the ENMs. The released ENMs in water can also stick to the external surface of aquatic organisms (Blickley and McClellan-Green, 2008) , posing certain physical and/or physiological effects.
To date, limited information is available on the terrestrial invertebrate ingestion and translocation of ENMs (Unrine et al., 2008) . Petersen et al. (2008a,b) developed C 14 labeled CNTs for quantifying ecological uptake and depuration of carbon nanomaterials by earthworms (Lumbriculus variegates and Eisenia foetida), indicating that the biota-sediment accumulation factors for CNTs were almost one to two orders of magnitude lower than those for pyrene, and the ingested CNTs were associated with sediment remaining in the organism guts and not absorbed into cellular tissues as occurred for the pyrene. Carbon nanotubes were nearly completely excreted after a few days of exposure to clean sediments.
Studies on the organism metabolism and excretion of ENMs are limited in part due to technical and analytical difficulties. For example, the lack of simple and routine methods for the direct measurement of ENMs and their metabolites in tissues limits our ability to generate knowledge on organism uptake, distribution, metabolism, and excretion of ENMs . One assumption is that these processes may be similar between ENMs and other "regular" contaminants. The "regular" contaminants can usually be excreted out of an organism body from the blood via the liver, kidney, and gills, as well as through exuded skin mucus if they are soluble in blood and other body solution. However, ENMs are prone to stick to the surface of cells and will aggregate in saline solutions or attach to proteins (Z.Y. . Therefore, the processes of translocation and metabolism in an organism body would be somewhat different for ENMs compared with "regular" contaminants, which merits further work.
Plant Uptake and Translocation of ENMs
Plants are an important component of the ecological system and may serve as a potential pathway for ENM transport and a route for bioaccumulation into the food chain. However, limited studies have been conducted to examine the phytotoxicity of ENMs, few of which investigated plant uptake, translocation, and transformation. Carbon nanotubes were observed to be adsorbed onto the root surface of several crop species, but no visible uptake of CNTs was shown (Canas et al., 2008) . However, S. observed the uptake, transloca-tion, and transmission of carbon nanomaterials in rice (Oryza sativa L.) plants. Copper nanoparticles were found in root cells of mung bean (Phaseolus radistus) and wheat (Triticum aestivum) in the forms of individual nanoparticles and aggregates, and the bioaccumulation increased with increasing nanoparticle dose . Lin and Xing (2008a) also observed the adsorption of ZnO nanoparticles onto ryegrass (Lolium perenne) root surface and confirmed the presence of the nanoparticles in the endodermis and xylem cells, indicating that the nanoparticles were taken up by the plant. But it seems that few (if any) ZnO nanoparticles were detected to transport from root to shoot in that study. However, a species of pumpkin was found to absorb, translocate, and accumulate of magnetite (Fe 3 O 4 ) nanoparticles from a hydroponic solution throughout the plant tissues (root, stem, and leaves) (Zhu et al., 2008) . The plant uptake of magnetite nanoparticles significantly depended on plant variety and environmental condition. Zhu et al. (2008) showed that lima bean (Phaseolus limensis) plants could not absorb magnetite nanoparticles from the hydroponic solution, and the uptake and accumulation of the nanoparticles were significantly reduced in the pumpkin (Curcubita maxima) plants grown in sand compared with those grown in the hydroponic solution and were not detected in the pumpkin plants grown in soil probably due to the sorption of nanoparticles by soil and/or particle aggregation.
Clearly, interactions between plants and ENMs, such as uptake potential of different plant varieties, the effect of plant growth media condition, mechanisms of uptake and translocation, and the interactions between the particles and plant tissues at the cellular and molecular level, require further indepth investigation. Such studies will help us understand the plant uptake of ENMs as a potential transport and exposure route and its role in bioaccumulation through the food chain.
Cell Internalization of ENMs
Animal cell internalization of ENMs have been widely studied and confirmed in drug delivery or nanotoxicity research. Nanoparticles can enter cells by diffusing through cell membranes as well as through endocytosis and adhesion. Y. pointed out that the endocytosis-like mechanism is an energy-mediated process; a hydrophobic nanoparticle can result in the inclusion into the bilayer, whereas a semihydrophilic nanoparticle is only found to adsorb to the membrane. However, few studies were done for plant cell uptake of ENMs. Torney et al. (2007) studied the deliver of DNA and chemicals by mesoporous silica nanoparticles (MSN) into plant cells. They found that tobacco (Nicotiana tabacum) mesophyll protoplasts (plant cells with cell wall removed) could internalize triethyllene glycol functionalized MSN (but not the pristine MSN); however, the surface-functionalized MSNs were not observed inside the intact plant cells (with cell wall), whereas the MSNs capped by surface-functionalized gold nanoparticles (serving as a biocompatible capping agent) could enter into the intact plant cells and tissues. This study, perhaps the first example for isolated plant cell endocytosis of ENMs, suggests that plant cell endocytosis of ENMs is possible and greatly depends on particle surface properties. It was pointed out that the number of the endocytotic vesicles per tobacco mesophyll protoplast varied from 1 to >20, with the vesicle diameter ranging between 0.2 and 3 mm (Torney et al., 2007) .
Certain ENMs may increase the permeability of plant cell walls under stress and then permeate into the cells (Lin and Xing, 2008a) . After entering the cells, the ENMs may be able to transport between cells via plasmodesmata, which are microscopic channels of plants traversing the cell walls and enabling transport and communication between cells. Plasmodesmata or intercellular bridges were reported to be cylindrical channels about 40 nm in diameter (Tilney et al., 1991) . Thus, nanoparticles with diameter less than 40 nm may enter and transport in the plant cells through the plasmodesmata once they are in the plant cells.
Summary and Perspectives
The fast development and application of nanotechnology will inevitably lead to the emergence of ENMs in the environment. Increasing toxicity evidence of ENMs raises concerns over their environmental fate, transport, and exposure. Increasing studies are being performed in this nascent research field, but many unknowns are waiting to be examined and answered.
Engineered nanomaterials could be intentionally or unintentionally discharged into the environment with water effluents, airborne emissions, solid wastes, and/or other releases during the production, transport, storage, use, and disposal of ENMs and nanoproducts. However, information on the discharge of ENMs in their life cycle is quite limited, which calls for specific and well-designed studies.
Engineered nanomaterials may be discharged into the aqueous environment in the form of solid particles and dispersantfacilitated suspensions. Few studies have been done to examine the stability of particulate ENMs in natural aqueous environments, and no information is available on the stability of dispersant-facilitated ENM suspensions in these environments. Future efforts should be directed toward the dispersion and aggregation of both forms of discharged ENMs in these environments. In addition, ENMs can interact with natural aquatic colloids and coexisting contaminants after being released. The interaction may affect the stability and subsequent environmental behavior of ENMs, the aquatic colloids and contaminants, and possibly their exposure and toxicity. The fate and transport of ENMs within water flows also wait to be addressed.
Recently, more studies have investigated the transport of ENMs through porous media. Like many dispersants, NOM was observed to enhance the transportability of ENMs. However, almost no field experiments have been performed to investigate the transport of ENMs in natural soils or sediments. Specific mechanisms for the transport enhancement of NOM remain unclear.
To date, only a few studies have focused on the fate of ENMs in the real environment. The transformation of ENMs in the environment, such as dissolution, oxidation, degradation, is largely unknown. Ecological uptake, translocation, and degradation-transformation could be an important depuration route for the released ENMs in the environment, which have not been well investigated, in part because of the lack of effective methods for identification and quantitative determination of ENMs and their metabolites both in organisms and in the environmental matrix. Therefore, it is urgent that analytical techniques for ENMs be developed to promote the scientific research on the environmental behavior, fate, exposure, and toxicity of ENMs.
Plant uptake can be a critical transport and exposure pathway of ENMs in the environment. Interactions between plants and ENMs, such as the mechanisms of uptake and translocation and the interactions between the nanoparticles and plant tissues at the molecular and cellular level, merit further investigations. Organism-accumulated ENMs may be transferred through food chains to higher trophic levels, including humans. The transfer of ENMs through the food chain and its associated effect should be addressed in future studies.
In conclusion, there are many unknowns regarding the environmental fate, transport, exposure, ecotoxicity, and life cycle of ENMs. It is crucial, therefore, to clearly define and clarify the environmental and health impacts of ENMs for the development and implementation of environmentally benign nanotechnology.
